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Abstract
We present new constraints on the high-temperature emission measure of a non-flaring solar active
region using observations from the recently flown Focusing Optics X-ray Solar Imager sounding rocket pay-
load. FOXSI has performed the first focused hard X-ray (HXR) observation of the Sun in its first successful
flight on 2012 November 2. Focusing optics, combined with small strip detectors, enable high-sensitivity ob-
servations with respect to previous indirect imagers. This capability, along with the sensitivity of the HXR
regime to high-temperature emission, offers the potential to better characterize high-temperature plasma
in the corona as predicted by nanoflare heating models. We present a joint analysis of the differential
emission measure (DEM) of active region 11602 using coordinated observations by FOXSI, Hinode/XRT
and Hinode/EIS. The Hinode-derived DEM predicts significant emission measure between 1 MK and 3
MK, with a peak in the DEM predicted at 2.0–2.5 MK. The combined XRT and EIS DEM also shows
emission from a smaller population of plasma above 8 MK. This is contradicted by FOXSI observations
that significantly constrain emission above 8 MK. This suggests that the Hinode DEM analysis has larger
uncertainties at higher temperatures and that >8 MK plasma above an emission measure of 3×1044 cm−3
is excluded in this active region.
Key words: Sun: active region - Sun: particle emission - Sun: X-rays
1. Introduction
The energy source of the high-temperature corona is one
of the main open questions in heliophysics. The two lead-
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ing theoretical solutions are (1) heating by a large num-
ber of small-scale magnetic energy releases in the chromo-
sphere and corona (so-called ‘nanoflare heating’) or (2)
heating by waves that are excited below the photosphere
and released in the chromosphere and corona (‘wave heat-
ing’). One of the main differences between these two mod-
els is the prediction of the time evolution of the plasma
temperature as the heat input and output (e.g. radia-
tive and conductive transfers) interact (e.g. Cargill &
Klimchuk 2004; van Ballegooijen et al. 2011). This differ-
ence is most easily discerned by measuring the amount of
plasma at each temperature through the differential emis-
sion measure (DEM) distribution from below one million
up to ∼20 million Kelvin.
The most accurate DEM measurements are from non-
flaring active regions (e.g. Reale et al. 2009; Patsourakos
& Klimchuk 2009; O’Dwyer et al. 2011; Testa et al.
2011; Warren et al. 2011; Warren et al. 2012; Warren et
al. 2013; Hannah & Kontar 2012) where non-equilibrium
effects are potentially less important than during flares
(e.g. Reale & Orlando 2008). Observations in the ex-
treme ultra-violet (EUV), soft X-rays (SXRs), and hard
X-rays (HXRs) provide constraints of the DEM in differ-
ent temperature ranges. To get information over a wide
temperature range, it is essential to combine multiwave-
length observations.
Currently-available observations in the EUV by Hinode
and the Solar Dynamics Observatory (SDO) provide ac-
curate information about the low temperature plasma (<8
MK) but emission at the high-temperatures (>8 MK) is
generally too weak to be detected by currently available
EUV line observations. Past observations from Hinode’s
EUV Imaging Spectrometer (EIS) have characterized the
DEM in the few million Kelvin range (e.g. Warren et al.
2012) and have found a DEM for non-flaring active re-
gions with a peak around ∼4 MK. The observed slope of
the DEM is rather steep, favoring wave heating models.
EUV and SXR broadband filter observations cover a wider
range in temperature, but observations are not without
intrinsic biases (e.g. Schmelz et al. 2009b; Winebarger
et al. 2012; Guennou et al. 2013). Besides the few-MK
component in non-flaring active regions, EUV and SXR
filter observations suggest the existence of an additional,
hotter component that is speculated to be a direct signa-
ture of nanoflare heating (e.g. Reale et al. 2009; Schmelz
et al. 2009a; Testa & Reale 2012), although not without
controversy (e.g. Schmelz et al. 2009b; Winebarger et al.
2012). Others report no significant component above the
sensitivity limit of these instruments (e.g. Testa et al.
2011). In any case, current observations show that an ad-
ditional hot component, if present, is much weaker than
the main emission around a few MK, making an unam-
biguous detection difficult. Observations of a high tem-
perature component is limited as currently-available EUV
and SXR instrumentation have ‘blind spots’ at higher
temperatures (Winebarger et al. 2012), particularly for
non-flaring observations that have an intrinsically low
high-temperature emission measure. Future observations
of high-temperature SXR lines have the potential to signif-
icantly improve high-temperature diagnostics, and appro-
priate instrumentation is under development (Kobayashi
et al. 2011).
To restrict high-temperature (>8 MK) plasma, X-ray
observations of the thermal bremsstrahlung emission of
hot electrons provide excellent sensitivity (e.g. McTiernan
2009; Reale et al. 2009; Miceli et al. 2012). By com-
bining EUV and SXR diagnostics with observations in
HXRs from the Reuven Ramaty High Energy Spectroscopic
Imager (RHESSI, Lin et al. 2002), the high-temperature
component in an active region DEM is sometimes signif-
icantly restricted, indicating that EUV and SXR alone
can overestimate hot emissions (Schmelz et al. 2009b),
in particular in the presence of strong emissions at lower
temperatures. Using X-ray observations only, McTiernan
(2009) showed that there are indeed non-flaring times (de-
fined as times without a GOES flare) with a significant
5-10 MK component in the DEM. Since the appearance of
this component scales with the solar cycle, it is, however,
unclear whether the observed component is due to un-
resolved microflares not excluded in the selection of non-
flaring times or due to continuous heating relevant to over-
all coronal heating. Unfortunately, RHESSI observations
provide only limited sensitivity due to the high nonsolar
background of its bulk germanium detectors.
In this paper, we present an active region measured
in HXRs with greatly enhanced sensitivity using focusing
optics on the recently flown Focusing Optics X-ray Solar
Imager (FOXSI) sounding rocket payload. FOXSI is
funded under NASA’s Low Cost Access to Space (LCAS)
program and is the first example of HXR focusing optics
applied to solar observation. FOXSI is a HXR imaging
spectrometer operating in the energy range of 4–15 keV,
with an angular resolution of ∼9 arcseconds (on-axis) and
an energy resolution of ∼0.5 keV (Krucker et al. 2013).
FOXSI flew for the first time, successfully, on 2012
November 2 from the White Sands Missile Range in New
Mexico, USA (Krucker et al. 2014). Targets included ac-
tive regions on the disk and quiet portions of the Sun. A
microflare (GOES class B2.7) was observed by FOXSI on
the western limb (Krucker et al. 2013), serving as useful
in-flight calibration of the instrument, since it was also ob-
served by RHESSI. In this paper we report on the FOXSI
observation of active region 11602 in the >4 keV range and
compare to EUV and SXR observations from the Hinode
(Kosugi et al. 2007) EUV Imaging Spectrometer (EIS,
Culhane et al. 2007) and X-ray Telescope (XRT, Golub
et al. 2007) to constrain a potential hot component.
2. Observations
FOXSI observed the Sun beginning at 2012 November
2 17:56:48 UT for a total of 6.5 minutes, with 44 seconds
of observation time on active region (AR) 11602 (its first
target). Observations were coordinated with the Hinode
spacecraft (Hinode Operation Plan #221). Hinode ob-
served AR 11602 before and after the FOXSI launch,
from 16:44 to 17:50 UT and from 19:00 to 20:15 UT.
The XRT and EIS instruments ran programs appropri-
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ate for the measurement of active region DEMs with
multiple XRT filter pairs and multiple EIS wavelength
bands to cover the temperature range of log T ∼5.5 –
7.2. The EIS line set covered the temperature range
up to log T ∼ 7.2 (Fe XXIV). Emissions from the high-
temperature lines (log T ≥ 7.0) are generally weak and
blended with stronger, low temperature lines. Usually,
these lines are only detected in flaring regions, and lines
with temperatures above log T ∼ 6.8 are not customar-
ily detected, as described in Section 2.2. From 17:50 to
19:00 (including the FOXSI observation period), Hinode
pointed to a quiescent region in the northwest of the solar
disk in order to support FOXSI ’s quiet-Sun investigation.
2.1. Hinode XRT
XRT observed AR 11602 with multiple filters. A set
of images composed of 11 filter pairs were taken every
20 minutes with a field of view (FOV) of 2048”×2048”
and 4”×4” resolution (4×4 CCD pixel binning). XRT
images combining short and long exposures with the thin
and thick filters (Al mesh and Al thick) are shown in the
upper panels of Figure 1. Significant emission is clearly
detected with the Al thick filter. For the purposes of this
paper the core of the active region is defined as the rectan-
gular area shown in cyan in Figure 1 (with corners [-365,
-500] arcseconds and [-245, -380] arcseconds in heliopro-
jective coordinates). This region is used for the analy-
sis and discussion below. Using the standard SolarSoft
procedure xrt_prep.pro, we removed cosmic ray spikes
and CCD biases, but we did not apply the Fourier clean
and vignetting removal because they introduce uncertain-
ties and the region of interest is almost at the center of
the FOV. After applying the dark current model using
xrt_prep.pro, we applied a further correction to set the
zero-point at the median value of the lowest 5 CCD rows
since these pixels are below the shielding material and not
affected by the sky events. The averaged count rate for
each filter pair in the region is shown in Table 1.
2.2. Hinode EIS
EIS observed the active region using the 1-arcsecond-
wide slit scanning over the region, for an FOV of 120×512
arcsecond2 for the complete raster. EIS took spectra in
25 wavelength windows with spatial sampling every 1 arc-
sec in the solar-Y direction (along the slit) and scanned
every 2 arcsec in the solar-X direction. The slit scan was
performed twice: once from 16:44 to 17:44 UT and again
from 19:14 to 20:14 UT. The observed intensity map of
the Fe XII line (log T ∼6.1) for the first observation is
shown in the lower left panel of Figure 1.
Values for all observed EIS lines are listed in Table 2.
The EIS data were calibrated using the pre-launch calibra-
tion (Lang et al. 2006), and then the Warren et al. (2013b)
time-dependent correction was applied. The values were
obtained via Gaussian fits to the line profiles using spa-
tially averaged spectra. Lines that are not clearly detected
or are possibly blended are excluded from this table and
from our analysis, except the Ca XVII line. The Ca XVII
line was kept because it is expected to be sensitive to the
highest temperatures of any line in this EIS set; its inten-
sity is derived using the method of Ko et al. (2009). In
total, lines sensitive to temperatures from log T ∼5.6 to
6.8 were detected. The plasma density can be estimated
from the ratio of a pair of lines with an identical ion, such
as the Fe XII 186.88 / 195.12 A˚ ratio (Young et al. 2007).
From this ratio, the coronal plasma density in the active
region is estimated to be 1.6×109 cm−3.
2.3. FOXSI
FOXSI pairs seven direct-focusing optics modules with
a dedicated silicon strip detector for each. Each optics
module is composed of seven Wolter-I mirrors produced
using an electroformed nickel replication process at MSFC
(Ramsey et al. 2002; Ramsey 2006). The detectors are
double-sided silicon detectors designed at ISAS (Ishikawa
et al. 2011) and are based on the detector development for
the Hard X-ray Telescope aboard the Astro-H spacecraft
(Kokubun et al. 2012). More detail on the FOXSI instru-
ment and its first flight can be found in Krucker et al.
(2013) and Krucker et al. (2014). Data are collected inde-
pendently from the seven detectors, so each optic/detector
pair provides an independent measurement.
During FOXSI ’s first flight, AR 11602 was observed
during the first target pointing for 44 seconds. The FOV
is limited both by the off-axis response of the optics and
the physical size of the detector. The detector active
area is 9.6×9.6 mm2, allowing a FOV of 16.5 arcminutes.
Because of imperfect alignment between the instrument
and the rocket’s pointing system, the on-axis position of
the optics modules was located approximately 2 arcmin-
utes from the pointing center of the rocket. This offset
was determined in-flight by comparing the microflare po-
sition as observed by FOXSI and by RHESSI. The active
region center was located ∼3 arcminutes from the rocket
pointing center, or ∼5 arcminutes from the optics axis.
At 5 arcminutes off-axis, the optics efficiency is ∼85% of
the nominal on-axis value; this factor has been included
in the instrument response.
The optics modules were covered on both ends by ther-
mal blankets composed of kapton and aluminized mylar
to avoid thermal distortions of the mirror modules. In
addition to those nominal blankets, additional thermal
blanketing material (located on the inner surface of the
telescope metering structure) moved into and blocked the
optical path sometime during the flight, reducing the effec-
tive area from its nominal value, mostly at low energies.
The effect of this additional blanketing is estimated by
comparing observed FOXSI and RHESSI thermal spec-
tra from the microflare (which was observed by FOXSI
during the second half of its observing time). RHESSI
measures a total emission measure of 4.8 ±1.0×1046 cm−3
and an electron temperature of 9.4 ±0.4 MK for this mi-
croflare. Based on the RHESSI observed parameters, ex-
pected FOXSI count spectra were computed and com-
pared with the measured values, yielding the actual spec-
tral response of the instrument in-flight. From this analy-
sis, we estimate that FOXSI counts were reduced to 11%
and 24% of their nominal values for the 6-7 and 7-8 keV
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Table 1. Observed active region XRT counts used for the DEM analysis.
Filter pair Count rate Predicted count rate+
[DN s−1 pixel−1]∗ [DN s−1 pixel−1]∗
Open / Be thick 0.00663 0.00728
Open / Al thick 0.173 0.368
Open / Ti poly 207 142
Open / Al mesh 498 347
Al poly / Ti poly 114 83.1
C poly / Ti poly 87.1 68.2
C poly / Open 279 219
Be thin / Open 11.5 51.0
Be med / Open 6.99 8.93
Al med / Open 3.80 4.10
Al poly / Open 389 297
(*) Per single pixel of the XRT CCD (∼1”×1”), not an area element of the 4×4 binning. (+) Predicted XRT count rates
derived from the DEM solution.
Table 2. Observed EIS line intensities at the active region used for the DEM analysis. Shown line wavelengths and temperatures
are from Culhane et al. 2007, Young et al. 2007 and Young 2009.
Ion Wavelength Temperature Intensity Predicted intensity+
[A˚] log T [K] [erg cm−2 s−1 str−1] [erg cm−2 s−1 str−1]
Fe VIII 185.21 5.6 217 211
Fe VIII 186.60 5.6 118 111
Fe IX 197.86 5.9 47.7 62.5
Fe X 184.54 6.0 374 292
Fe XI 180.40 6.1 1474 1445
Fe XI 182.16 6.1 303 281
Fe XII 186.88 6.1 534 439
Fe XII 195.12 6.1 1221 1339
Si X 258.37 6.1 288 364
Fe XIII 201.13 6.2 485 362
Fe XIII 202.04 6.2 1072 700
S X 264.23 6.2 80.6 110
Fe XIV 264.79 6.3 540 708
Fe XIV 270.52 6.3 336 363
Fe XV 284.16 6.3 4760 4726
S XIII 256.68 6.4 293 389
Fe XVI 262.98 6.4 232 182
Ca XIV 193.87 6.5 24.3 17.2
Ca XVII 192.86 6.8 18.6 3.31
(+) Predicted EIS intensities derived from the DEM solution.
No. ] Constraining hot plasma with FOXSI 5
Fig. 1. Images of the active region from Hinode/XRT, Hinode/EIS, SDO/Atmospheric Imaging Assembly (AIA) and FOXSI. Top
row: XRT images on log scales with the (left) Al mesh filter and (right) Al thick filter. Lower left: EIS intensity map of the Fe XII
195.12 A˚ line (log T ∼6.1). Lower right: SDO/AIA 171 A˚ image overlaid with the FOXSI observed counts from five detectors,
collected over 44 seconds. The field of view of each detector is shown by a white box.
bands by the excess blanketing. These factors have been
included in the instrument response for the results pre-
sented here.
It is also possible to perform a rough self-calibration of
the additional blanketing absorption by deriving temper-
atures from ratios of FOXSI fluxes at different energies.
By requiring that the derived temperatures are constant
across the observed energy range, we can fit the additional
absorption for each detector. Temperatures derived in this
way agree with those derived from RHESSI data, confirm-
ing those results. Details of this calibration will be shown
in a following paper.
All seven detectors measured low count rates during
the observation of AR 11602. The lower right panel of
Figure 1 shows the positions of all 4-15 keV photons mea-
sured by detectors 0, 2, 4, 5 and 6, a total of 38 counts.
Two of the seven detectors were excluded from this analy-
sis. Detector 1 showed excess noise on one half of the FOV
due to a noisy readout ASIC; since this noise would in-
terfere with the measurement of faint signals this detector
was excluded. Detector 3 was excluded because the cor-
responding optic shifted during launch; this was noted by
visual inspection post-flight and is responsible for a blur-
ring of the flare image. For this portion of the flight, one
detector (#4) measured a significantly higher count rate
than the other detectors, leading us to believe that this
detector was blocked by the least amount of additional
blanketing.
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Fig. 2. FOXSI loci curve in two energy bands (red and blue)
overplotted on a differential emission measure of the active re-
gion estimated by Hinode/XRT and EIS (black). The shaded
region shows the parameter space that is excluded by the
FOXSI observation.
3. Analysis and Discussion
Figure 2 shows the DEM as estimated from combined
Hinode EIS and XRT observations of the active region,
with FOXSI loci curves overlaid.
The combined Hinode DEM was calculated us-
ing the CHIANTI database and inversion technique
(Monsignori Fossi & Landini 1991, the SSWIDL procedure
chianti_dem.pro). This code is basically designed for
line spectroscopy, and we modified the code to input the
XRT count rates and temperature response functions. We
assumed the measurement reliabilities of the EIS line in-
tensities and XRT count rates are similar, and all the XRT
and EIS measurements are equally weighted in the inver-
sion. We applied the latest XRT calibration by Narukage
et al. (2014), which provides a significantly upgraded XRT
response function, especially for the thicker filters. The
peak in the Hinode DEM is located at log T ∼ 6.3-6.4,
suggesting the main coronal component of this active re-
gion is ∼2-2.5 MK plasma. The combined XRT and EIS
DEM also shows the presence of an extremely hot compo-
nent with a temperature >10 MK.
The counts measured by FOXSI (shown spatially in
Figure 1) do not come from the active region; rather, they
are spread across the field of view. These counts could be
quiet-Sun flux or instrument artifacts (for example, single-
bounce photons (‘ghost rays’) from the microflare on the
west limb, which had already begun at the time of this
pointing but which was well outside FOXSI’s FOV at the
time); this determination will be the focus of a separate
paper. In either case these counts constitute a background
for the measurement of HXRs from the AR. The num-
ber of counts in any given energy band are so small that
precise background statistics cannot be determined. We
therefore assume that an AR HXR source would be de-
tected if it produced a number of counts equal to the total
number of counts in the image; this is a conservative es-
timate. Dividing the counts into 1 keV bins, we calculate
the emission measure required for a variety of tempera-
tures to produce the measured counts in each bin. This
produces a loci curve for the DEM for each 1 keV bin.
Curves in Figure 2 show these loci for the 6-7 and 7-8 keV
bands.
We find that the Hinode-derived hot (>8 MK) com-
ponent in the DEM is inconsistent with the FOXSI ob-
servations in the gray area in Figure 2. If there is plasma
with a DEM distribution extended into this region, FOXSI
should have detected far more flux from the AR. The hot
component as derived mainly by XRT would have pro-
duced >1300 counts in the FOXSI spectrum above 6 keV,
but none were detected. A similar result was found by
Schmelz et al. (2009b). After including RHESSI HXR
upper limits in a DEM analysis, they found that their orig-
inally reported high temperature component was greatly
suppressed. Winebarger et al. (2012) reports that the cur-
rently available EUV and SXR observatories have blind
spots to high temperature plasma, at least in the pres-
ence of an intense component around a few MK as seen
in non-flaring active regions. In addition, Testa et al.
(2012) pointed out possible discrepancies between esti-
mated DEMs from the EUV observations by comparing
models and DEMs calculated by simulated Hinode/EIS
and SDO/AIA data. The FOXSI observations highlight
this issue and demonstrate the necessity of HXR observa-
tions to constrain the high-temperature end of the DEM.
The additional blanketing in the FOXSI instrument
(see Section 2.3) is impossible to perfectly calibrate be-
cause the degree of absorption could have changed in
time due to further physical motions of the blankets.
Nevertheless, at high photon energies (> 10 keV) where
the blanket material contributes little absorption, the hot
component derived mainly from XRT still predicts mea-
sured counts above 10 keV of a total of >200 counts, far
more than were actually recorded. Hence, the blanketing
issue alone cannot account for the discrepancies between
FOXSI and Hinode, and these discrepancies are not influ-
enced by the cross-calibration with RHESSI.
4. Summary and Future Work
We performed an active region DEM analysis using
Hinode/XRT and EIS, and compared it to FOXSI de-
tection limits as indicated by the FOXSI loci curves. We
find an inconsistency between the Hinode DEM and the
FOXSI limits for the hot, faint portion of the DEM with
T>8 MK. We conclude that the >8 MK component above
3×1044 cm−3 is excluded from the DEM since the FOXSI
detector performance is validated via the co-observation
of a microflare with RHESSI.
A second flight of FOXSI (FOXSI -2) is scheduled for
December 2014 and will include some upgrades. FOXSI -2
will provide an improvement to optics by including addi-
tional small-diameter shells. In addition, we might update
the detector by replacing some of the detectors with cad-
mium telluride double-sided strip detectors (Watanabe et
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al. 2009; Ishikawa et al. 2010). To avoid the issue of excess
material in the optical path, inner thermal blankets will be
removed, and so we therefore expect a combined increase
in sensitivity relative FOXSI -1 by about an order of mag-
nitude. A future spacecraft based on the FOXSI technol-
ogy would have the necessary sensitivity to systematically
image hot components in non-flaring active regions, or set
stringent upper limits to be used to distinguish different
coronal heating models.
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